Introduction
The role of inflammation has been investigated in epidemiological studies of age-related disease. Ageing is associated with chronic low-grade inflammation and increased production of inflammatory cytokines and acute-phase proteins [1] . C-reactive protein (CRP) has been used for the evaluation of inflammatory states and has been proposed as a simple and useful marker to detect vulnerability among the older population [2] .
Researchers have shown associations between CRP and cardiovascular risk factors [1, 3] , sarcopenia [2] [3] [4] , obesity [3, 5] , diabetes [3, 6] , functional decline [2, 7, 8] and disability [3, 9, 10] . Elevated levels of CRP have been studied as predictors of disease [6] , low physical performance, functional limitation and disability in older persons. Maintaining low CRP levels may contribute to high physical performance [1] . However, results on this association are not consistent.
In the MacArthur Study of Successful Aging of high functioning, circulating levels of IL-6 and CRP had only limited associations with physical performance and were not predictive of change in performance assessed after years of follow-up [11] . Analyses showed inconsistent associations between CRP and physical performance but an inverse association between CRP and hand grip strength [12] . Likewise, recent studies have failed to find associations between inflammatory markers and physical performance [13, 14] .
The causal pathway from inflammation to functional decline and disability is not fully understood. Inflammation may cause a decline in physical functioning through catabolic effects on muscle [1] and may increase the risk of chronic disabling diseases.
In 2012, we started the International Mobility in Aging Study (IMIAS), a longitudinal and multicentre study to examine social and gender differences in mobility, using a life course perspective. Our main hypothesis is that life course adversity leads to inflammation and poor health. Recently we reported an association between childhood social adversity and CRP in old age with differences across study settings [15] . In this paper, our purpose was to examine the link between CRP and physical function. We hypothesise that these associations will be consistent for men and women and across study settings, because they would be independent of the social context and gender, contrary to the heterogeneity observed in the associations between social adversity and inflammation. Our research question was as follows: Do high CRP levels predict poor physical performance and weak hand grip strength independent of potential confounders? Answers will strengthen universal knowledge on the connection between and impact of CRP on physical function.
Methods

Ethics statement
All participants gave written informed consent, and the study was approved by the ethics committee of each site.
Study setting
This is a cross-sectional study. We used 2012 baseline data from IMIAS, conducted in five cities: Natal (Brazil), Manizales (Colombia), Tirana (Albania), Saint-Hyacinthe (Quebec, Canada) and Kingston (Ontario, Canada). These cities are located in settings with different socioeconomic contexts, physical environments and cultural norms [16] .
Population and sample
The study population was composed of community-dwelling adults, aged 65-74. The samples were stratified by sex at the enrollment stage, recruiting 200 men and 200 women at each site. Tirana was excluded from this analysis, because high sensitivity CRP assessment was not available for participants living there.
Response rates were higher than 90% in Manizales and Natal. In the Canadian cities, 95% of the subjects who contacted the field coordinator participated in the actual study. We used assessment tools with known validity for international ageing populations [17] and validated the remainder in our study settings in pilot studies. A more detailed description of research sites and procedures can be seen in previous IMIAS publications [18] .
Outcome measures
The Short Physical Performance Battery (SPPB) includes three timed tests of lower body function: balance, gait speed and chair stand. Each SPPB component test is scored from 0 to 4, with a score of 0 meaning inability to perform the test and 4 representing the highest level of performance. A summary performance score was obtained by adding the scores of each individual SPPB component test (0-12) [19, 20] .
For analyses, we used continuous SPPB score and an indicator of low physical performance (SPPB < 8) [18] . Each SPPB component was also analysed in its original measure: balance impairment was defined as a dichotomous variable with the value of 1, if the person was not able to stand in the tandem position for at least 10 s, and 0 otherwise; gait speed as the time to walk 4 m; chair stands as the time to complete five of these as quickly as possible. However, 47 subjects were physically unable to do the test: 18 (Kingston), 4 (Saint-Hyacinthe), 5 (Manizales) and 20 (Natal).
Hand grip strength (HGS) was measured using an adjustable grip dynamometer ( Jamar Hydraulic Hand Dynamometer®). Participants performed the test three times using the dominant hand, and the maximum overall value was used in the analyses.
Exposure variable
Inflammation was assessed by ultra-sensitive CRP enzymelinked inmunoabsorbent assays. Serum from Saint-Hyacinthe and Kingston was analysed at Kingston General Hospital, a tertiary health institution affiliated to Queen's University, serum from Manizales at the University Hospital of the Caldas and from Natal at a certified local commercial laboratory. Canadian samples were analysed with the Beckman Coulter UniCel ® DxC600/800 SYNCHRON ® Clinical System(s) CRPH reagent, based on the highly sensitive Near Infrared Particle Immunoassay rate methodology. Latin American samples were analysed with Roche immuneturbidimetric test CRP-L3, since very high values of hsCRP may indicate recent or current infection.
For descriptive purposes, we categorised hsCRP using CDC/AHA cut points: low (<1 mg/l), intermediate (1 thru <3 mg/l), high (3 thru <10 mg/l) and very high (≥10 mg/l) [21] . These categories were used for all analyses in this paper.
Covariates
As identified in the literature: age, education, body mass index (BMI), chronic diseases, physical activity and smoking have been shown to be associated with CRP levels and physical performance in previous studies [5, [22] [23] [24] . According to our conceptual framework, low socioeconomic position is a strong determinant of poor health behaviour, inflammation and poor health. However, we are adjusting for all these variables to assess whether there is a biological association between inflammation and physical function. Sex and research site were also considered as covariates since we were interested in their possible role as modifiers of the association between inflammation and physical function.
Education levels were categorised as less than secondary, secondary and post-secondary. BMI was calculated and categorised as: underweight (<18.5); normal (18.5 ≤ BMI < 25); overweight (25 ≤ BMI < 30); obese (≥30) [25] .
Participants were asked whether they had ever been diagnosed with any of the following diseases: arterial hypertension, diabetes, cancer, lung diseases, heart disease, stroke, arthritis and osteoporosis. Daily self-reported walking time was dichotomised into two categories: <30 min/day and 30 min/day or more. Participants were asked about their smoking habits and were gathered into: current, past and never smoker.
Statistical analysis
The data were analysed using SPSS 20.0. Chi-squared tests were used to estimate associations between CRP levels and potential covariates.
Linear regressions were fitted for the three continuous outcomes with approximately normal distributions: gait speed, time to complete five chair stands and HGS, with CRP levels. Two adjusted models were created. The first model controlled for sex, age, education level, smoking, minutes walked/day and study city. The number of chronic conditions and BMI were added for the second model. Lastly, to test for heterogeneity in the inflammation, physical function associations by sex and research site, multiplicative interactions between physical function indicators and sex and research sites were tested by including product terms in two separate models. In all analyses of the time to five chair stands, we imputed the value of 100 for the subjects who were unable to complete the test. We also conducted a sensitivity analyses, assigning those people a value of 56 (mean + 3 SD of time of the distribution to five chair stands).
Logistic regressions were fitted to the two dichotomous outcomes: SPPB < 8 and impaired balance, with CRP. First, SPPB < 8 and impaired balance on CRP levels were regressed in unadjusted models. Second, sex, age, education level, smoking, minutes walked/day and study site were entered into the model. Third, number of chronic conditions and BMI were also added. Again here, interactions between physical function indicators and sex and research sites were tested separately by including product terms in the final models.
Regression coefficients for the linear models and odds ratios for logistic models were estimated with 95% CI. 
Results
and Ageing online). Significantly higher proportion of participants in Canadian study cities had CRP < 3 mg/l than in Manizales and Natal.
SPPB and HGS mean values were highest in SaintHyacinthe, followed by Kingston, Manizales and Natal (P < 0.001). Maximum HGS was higher in Canadians than in the corresponding samples of Manizales and Natal (P < 0.001).
Associations between physical performance and CRP levels are shown in Table 1 . There was a significant gradient of decreasing mean SPPB, gait speed and maximum HGS, with increasing levels of CRP/inflammation (F-test for trends P < 0.001). The time to five chair stands increased with increasing level of inflammation (F-test for trends P < 0.001). The proportion with SPPB < 8 increased with increasing inflammation from 7.9% among those with low inflammation to 26.3% among those with high inflammation (P < 0.001). The association between impaired balance and CRP was also significant (P = 0.016).
Supplementary data, Table S1 , available in Age and Ageing online show the associations between CRP and all selected covariates, except age. Men were more likely to have lower levels of inflammation (CRP < 1 mg/l), overall. As expected, CRP increased with the number of co-morbidities, higher BMI, physical inactivity, smoking, lower education and among those living in Natal and Manizales.
Results of fitting the unadjusted and adjusted linear regression models for gait speed, time to five chair stands and HGS are shown in Table 2 . For continuous components of SPPB, graded associations between poor physical performance and high CRP levels were observed in the three models. significant after adjusting for covariates. None of the interactions between CRP and sex or research site attained statistical significance at P < 0.05. Results of time to chair stands models were similar whether the imputed value was 100 or 56 seconds for those subjects physically unable to complete the test. Logistic regressions to estimate the associations between SPPB < 8 and impaired balance with high CRP levels are shown in Table 3 . The unadjusted models showed associations between SPPB < 8 and CRP levels higher than 3 mg/l and between impaired balance and CRP between 3 and <10 mg/l. However, only SPPB < 8 remained significantly associated with high CRP in the adjusted models. Also here, none of the interactions between CRP and sex or research site attained statistical significance at P < 0.05.
Discussion
This study provides evidence that high levels of CRP are associated with poor physical performance. The IMIAS showed widely variable CRP levels both within and across sites. CRP was significantly associated with low HGS and poor physical performance in bivariate analyses.
The significance of the HGS association with CRP disappeared after adjustment by socioeconomic factors and health behaviours. Negative associations between CRP and SPPB remained significant after adjustment by covariates. Concerning the three components of the SPPB, degraded associations between lower CRP and faster gait speed and shorter time to rise from a chair were observed in adjusted models. The association between impaired balance and CRP lost significance after adjustment by relevant covariates.
Examining associations of specific components of lower extremity performance with CRP refined and clarified the evidence. Faster gait speed and shorter time to rise from a chair were independently associated with low levels of CRP. This is consistent with previous literature [9, 10] . The lack of association between HGS and CRP is also in keeping with existing evidence that the quadriceps muscles, responsible for the movements involved in walking and rising from a chair, undergo sarcopenia earlier and faster than the hand muscles, according to a longitudinal study [26] .
These differences in the associations between lower extremity function and HGS with CRP suggest an indirect effect of inflammation on muscle strength [9, 11, 12] . In addition, the association between inflammation and lower extremity function goes beyond the catabolic effects on muscle and the risk of disabling chronic diseases, providing a selfenhancing cascade [27] .
A recent review cites chronic inflammation as one of the factors influencing the denervation of muscles and changes in the neuromuscular junction [28] . However, the direct study of the degeneration of the neuromuscular junction in humans poses many research challenges, and longitudinal population studies on this denervation are not achievable at this time. The absence of associations between CRP and balance could be expected since balance requires the interplay of body organs and systems that are less related to musculoskeletal impairment than the function of the lower and upper limbs.
The consistency of the associations between inflammation and physical performance for men and women, and across study settings could be expected since we are examining a biological pathway between inflammation and physical function which is probably unrelated to social factors such as socioeconomic position and gender. However, we need to emphasise that life course social and economic adversity could result in increased levels of inflammation and poor function as we have shown in previous research [15, 18] .
Strengths and limitations
The main strength of this study is that it draws on a sample with a wide variability in CRP and physical function. This is attributable to the international, multi-site design and the strong methodology used in sample recruitment and measurement methods. To the best of our knowledge, this research constitutes a first attempt to examine cross-nationally the associations between inflammation and an extensive physical function battery.
International studies allow for more complete assessment of the whole range of the distributions of social and biological factors as have been shown [15] , therefore, maximise external validity. The main limitation is the convenience nature of the samples at the Canadian sites. While there were no statistically significant differences between the study sample and corresponding 2006 age-matched census data for Saint-Hyacinthe, the Kingston sample was more educated although of similar income and marital status to the local, age-matched census population for that city. Outside of Canada, samples were drawn at random from primary care centres serving most of the target population, and we are confident that the IMIAS samples are representative because of the higher than 90% response rate and statistical concordance in education and marital status between our study population and census data for Manizales and Natal. This was a cross-sectional survey; therefore, survival bias may have influenced findings [29] . This would be stronger in the Latin American sites where life expectancy was lower than in Canada [16] . It could be argued that, particularly in Manizales and Natal, early mortality would have been greater among those with high levels of CRP as this elevation is a marker for infections, stress, malnutrition and chronic disease as well as low physical function. The absence that subgroup could have led to an underestimate in associations between CRP and physical function in the Latin American settings.
Conclusion
In addition to being a risk factor for cardiovascular risk, CRP could be a biomarker of the pathway from inflammation to physical disability of the lower extremities. The association between CRP and physical decline is robust and remains even when the independent effect of multiple other social and biological circumstances is considered.
Key points
• Levels of inflammation were associated with poor physical performance.
• Levels of CRP were significantly associated with low hand grip strength and lower extremity performance in bivariate analyses.
• The significance of the hand grip strength association with CRP disappeared after adjustment by socioeconomic factors and health behaviours.
• Negative associations between CRP and SPPB remained significant after adjustment by covariates. • This study draws on an international sample across different sites with a wide variability in CRP and physical function.
Supplementary data
Supplementary data mentioned in the text are available to subscribers in Age and Ageing online.
